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 Selection for improved sow lifetime reproductive longevity is of growing 
importance to swine producers due to recent increases in sow culling rates.  Traditional 
selection results in minimal response due to low heritability and late expression of the 
trait; incorporation of DNA markers into selection programs could be a more 
economically viable tool and improve lifetime reproductive performance.    
In order to assess the relationship between markers and reproductive longevity, 
967 gilts from two maternal crossbred lines were evaluated for age at puberty (AP), litter 
size traits, and number of successful parities (SP).  Females were culled only for death, 
unsoundness, or reproductive failure.  Gilts that reached puberty by 240 days of age were 
designated as breeders and genotyped for 62,183 SNPs.  Genome-wide association 
studies employing Bayes C and B approaches were performed for AP, SP and litter traits. 
Eleven 1 Mb regions associated with AP explained the largest proportion of 
phenotypic variation in AP.  The represented regions included SSC1 (88 and 269 Mb), 2 
(60 Mb), 3 (14 Mb), 4 (6 Mb), 5 (27 Mb), 6 (85, 111 Mb), 8 (30 Mb), 9 (119 Mb) and 12 
 
 
(1 Mb).  One region (SSC12, 1Mb) overlapped with a top region identified for SP and 
lifetime litter size.  A significant negative correlation was shown between AP and most of 
the lifetime litter traits recorded, indicating that an earlier AP would result in higher 
reproductive performance.   
Functional annotation and analyses of regions associated with phenotypic 
variation in AP revealed candidate genes including PAPPA (SSC1) that influences 
follicular differentiation in swine, CRTC1 (SSC2), found to be associated with puberty 
onset in humans, CRHBP (SSC2), playing a role in the regulation of the hypothalamic-
pituitary-adrenal axis, AVPR1A (SSC5), a G-protein coupled receptor associated with 
social and reproductive behaviors and PRKAA2 (SSC6), a catalytic subunit of AMPK, a 
sensor of energy metabolism.  The incorporation of identified functional mutations and 
markers into a breeding program can potentially be used to predict age at puberty and 
improve sow productivity and longevity. 
iv 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INTRODUCTION 
 
Reproduction traits, including puberty, litter size traits, uterine capacity and 
ovulation rates are a function of several factors including genetics, management, sow and 
boar fertility and fetal mortality.  The improvement of these phenotypes is a goal of 
maternal line breeding programs and is accomplished mainly through selection utilizing 
pedigree and phenotypic data.  Selection for reproductive traits can be a challenge 
however, due to the large environmental influence and low heritability.  Much of the 
variation in reproductive performance is due to differences in management practices.  
Although many recommendations exist for gilt and sow management to maximize 
reproductive performance, the variation in herd size, facilities, and labor can limit the 
application of these recommendations.  This problem is evident in the low reproductive 
longevity of commercial sows, a problem that results in large financial losses for the 
swine industry.  
In order to drive genetic progress, the incorporation of marker data into selection 
programs is an essential tool for producers.  Marker data will increase the accuracy while 
also decreasing the generation interval that is necessary to collect phenotypes.  Discovery 
of these markers has been approached using several methods including candidate gene 
analysis, QTL studies utilizing low-density marker panels and more recently, genome 
wide studies using high-density SNP panels.  These studies have revealed that 
reproductive traits such as litter size and age at first farrowing are polygenic traits and are 
influenced by many regions of the genome, each characterized by relatively small effects. 
2 
1.1 LITERATURE REVIEW 
 
Reproductive Biology 
Puberty, Estrous Cycles and Breeding 
Although the mechanisms are not completely understood, the initiation of puberty 
in the female begins with an increase in gonadotropin-releasing hormone (GnRH) 
secretion within the hypothalamus that in turn stimulates the ovaries to produce 
increasing levels of estradiol in a positive feedback loop (Senger, 2005).  When estrogen 
levels surpass a certain threshold, they trigger a large GnRH surge which in turn 
stimulates the release of luteinizing hormone (LH) and follicle-stimulating hormone 
(FSH) from the anterior pituitary, stimulating ovulation (Senger, 2005).  The period of 
sexual receptivity around the time of ovulation is termed estrus or “heat” and can be 
detected in the pig by exposing the gilt to a boar, applying back pressure and looking for 
visual signs of receptivity (Senger, 2005).  The first estrus in pigs occurs around 6-7 
months of age in modern commercial breeds (Bidanel, 2011).  After the initial ovulation, 
estrus will occur approximately every 21 days (Senger, 2005) unless the gilt becomes 
pregnant.  During the breeding period, estrus detection is carried out daily.  Breeding is 
usually performed using artificial insemination; the gilt may be bred up to three times in 
12-24 hour intervals (Bidanel, 2011).  Since the detection of first estrus is dependent on 
the stimulation of the boar and observations by technicians, traits such as age at first 
mating or age at first farrowing can carry substantial phenotypic variation (Bidanel, 
2011). 
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Gestation and Litter Traits 
Upon successful fertilization, gestation lasts approximately 114 days (Senger, 
2005).  Fetal mortality is highest during the first 30 days of gestation, with a small (5-
10%) loss during the final stages of gestation (Bidanel, 2011).  The fetuses initiate 
parturition through the production of corticosteroids from the adrenal cortex that 
stimulate the conversion of progesterone to estradiol and prostaglandin release by the 
placenta, allowing for myometrial contractions and the regression of the corpus luteum 
(Senger, 2005; Bidanel 2011).  The contractions are then further facilitated by oxytocin 
secretions (Senger, 2005).  Colostrum or “first milk” is immunoglobulin rich and is 
produced by the sow for approximately 24 hours after parturition (Bidanel, 2011).  This is 
a critical time for the piglets and success in nursing during this time will partially 
determine later performance (Britt, 1986).  The piglets are generally allowed to nurse for 
14-21 days before weaning, after which the sow will experience a surge in follicular 
growth and a return to estrus in 4-10 days, therefore allowing for multiple parities per 
year (Bidanel, 2011). 
 
Management to Improve Reproductive Performance 
The improvement of litter size has been a goal of swine breeders for many years.  
With increasing emphasis on lean growth traits and litter size came a decrease in sow 
reproductive longevity; with culling of 40-50% before the producer recovers costs 
associated with the replacement gilt (Rodriguez-Zas, 2003; Tarres et al., 2006; Hoge and 
Bates, 2011).  The increase in litter size and improvement in growth traits was obtained 
in the last decades through management and breeding practices.   
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 In a review of gilt management practices, Christenson (1986) outlined strategies 
for gilt management.  The recommendations included avoiding “extremes” in the size of 
housing groups, i.e. individual housing or groups of more than 50.  He suggested the 
effects of amount of daylight and space allowance were negligible.  The recommended 
method of estrus detection was by moving a pen of gilts to a large pen in the presence of 
a boar that was at least 12 months of age.  The author cautioned against boar exposure too 
early, as this could delay puberty.  He also found that elevated temperatures adversely 
affect conception and embryonic survival during the first 20 days of gestation and 
exposure during late gestation reduces live born pigs and increases number of stillborn 
pigs. 
 Management over the lifetime of the sow is also important for productivity.  Britt 
(1986) provided recommendations for sow management to maximize pigs per sow per 
year that included an increase in newborn weights through management of sow nutrition.  
Increasing the fat intake of sows during the late stages of gestation was concluded to 
increase birth weights.  Britt (1986) suggested practicing an all-in, all-out farrowing 
system and inducing sows to farrow during convenient hours for the farrowing staff so 
cross-fostering and assistance can be provided to the majority of animals in distress.  This 
approach also allows for an all-in, all-out nursery system.  The procedure for induction 
included prostaglandin F2 alpha and subsequent oxytocin administration.  Lactation 
lengths that did not adversely affect farrowing interval were 14-28 d (Britt, 1986).  Since 
feed intake is important for rebreeding performance, Britt recommended increasing fat 
and protein in diets of primiparous sows and to all sows during hot weather due to lower 
intakes.  To shorten weaning to estrus interval (WEI) and promote growth in the lightest 
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half of litters, it was recommended to wean the heaviest half of the litter 2-5 d before 
weaning the remaining piglets (Britt, 1986). 
 Management during critical points in production, estrus detection, early and late 
gestation, farrowing, lactation and weaning can have a large impact on sow performance.  
The extra costs of labor for this system of management would need to be weighed against 
the increased sow performance and reduced costs of replacement gilts to determine the 
optimum intensity of management.  Accompanied by selection programs, appropriate 
management decisions will only further improve sow performance and increase 
profitability. 
 
Genetic Variation of Reproductive Traits 
Estimation of the genetic variation and heritability of reproductive longevity in 
swine is difficult due to the lack of consensus on its definition.  One can infer from the 
low heritabilities of litter traits and the large amount of environmental bias that a sow is 
subjected to in her lifetime that selection for such a trait would be difficult and time 
consuming. 
 Chen et al. (2003) found in an assessment of the U.S. national database that 
genetic variances for number born alive (NBA), 21 d litter weight and number weaned 
(NW) were large enough to feasibly improve through selection.  Knauer et al. (2010a) 
found a heritability of 0.29 for the age at puberty (AP) and heritabilities of 0.26 and 0.58 
for the indicator traits of vulva redness and width in gilts.  Bidanel (2011) reported from 
literature estimates a mean heritability for age at puberty of 0.37, ranging from 0-0.73 
and a mean heritability of 0.21 for oestrus symptoms.  Although these traits carry higher 
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heritabilities than litter traits, selection is not widely practiced.  The reason for this is 
most likely due to increased labor costs, compared to litter traits, which are usually well 
recorded and documented in normal farm practices.  Tracking age at puberty or vulva 
redness would require additional labor and recordkeeping. 
Heritability estimates for litter size traits range from 0.07-0.17 for NBA (Johnson 
et al., 1999; Chen et al., 2003; Holl et al., 2003; Holm et al., 2004), 0.15-0.16 for total 
number born (TNB) (Lamberson et al., 1991; Johnson et al., 1999), 0.17 for number 
stillborn (SB) (Johnson et al., 1999) and 0.12 for number of mummified fetuses (MUM) 
(Johnson et al., 1999).  Fernandez et al. (2008) reported heritability of 0.05-0.07 for 
reproductive longevity in Duroc sows.  Serenius and Stalder (2007) estimated a 
heritability of 0.25 for length of productive life, Serenius et al. (2008) estimated a 
heritability of 0.22 for length of productive life, and Knauer et al. (2011) reported a 
heritability for stayability of 0.14.   
Heritability estimates of production traits are quite larger than heritability 
estimates of reproductive traits, excluding age at puberty or age at first service.  
Heritability estimates for average daily gain and adjusted backfat depth range from 0.23-
0.32 and 0.43-0.49, respectively (Holm et al. 2004, Bidanel et al. 1996, ten Napel and 
Johnson, 1997).   
 
Between and Within Breed Variation 
The genetic variation drives a substantial portion of the phenotypic differences 
between breeds.  The differences are necessary for increasing heterosis and value in the 
market pig.  Although many breeding schemes now use composite animals that are bred 
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specifically for maternal or terminal traits, these composites are created from 
combinations of purebred animals, so it is important to examine the differences between 
these breeds. 
Bidanel et al. (1996) looked at puberty records from Large White (LW), French 
Landrace (FL), and LW x FL gilts between 1966 and 1979.  They found that LW grew 
faster and were fatter than the FL while the crossbred gilts fell in between.  LW gilts were 
older and heavier at puberty and had more corpus luteum and lower embryo survival than 
FL.  Crossbred gilts had earlier puberty than the purebreds, had intermediate ovulation 
rate but better embryo survival and more living embryos than purebred gilts.  According 
to Bidanel (2011), LW and Landrace (LR) breeds are very similar to one another but 
differ from Duroc and Pietrain by several pigs from for traits such as TNB, NBA and 
NW.  Large White dam lines average 14.2 pigs born, LR average 14.6 pigs born and 
Duroc average 9.9 pigs born (Bidanel, 2011).  Breeds traditionally focused on growth and 
carcass characteristics such as Duroc also have lower conception rates and maternal 
ability than those breeds selected for reproductive performance such as the LW or LR 
(Bidanel, 2011). 
 
Heterosis and Crossbreeding 
The swine industry in the United States and in most countries uses a “pyramid” 
breeding structure, outlined by Abell et al. (2010) and Dekkers et al. (2011) in which 
there are three levels of breeding, beginning with the seedstock or nucleus herd.  These 
herds make up the smallest percentage of animals and experience the greatest intensity of 
selection providing the genetic scaffolding for the next level in the system; the multiplier.  
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The multiplier herd provides replacement females for the commercial level producers, 
which produce pigs for market.  In many cases the multiplier and commercial levels exist 
within the same production system.  Some of the reasoning for this system is to reduce 
the number of animals needed in the seedstock herd while still allowing for genetic 
progress to be made that will benefit the producers in the multiplier and commercial 
levels.  This system also allows producers to take advantage of the gain in heterosis from 
the final terminal sire by maternal dam cross.  The terminal lines are produced at the 
seedstock level and undergo intense selection for growth and carcass traits while the 
maternal lines are selected for increased reproductive performance and longevity.  As far 
as reproductive traits are concerned, the advantage of heterosis in this system comes in 
several forms including the direct heterosis of the piglet and the maternal heterosis of the 
dam.  
 Cassady et al. (2002) used data from two experiments including eight swine 
breeds to determine heterosis measurements in reproductive traits.  The first experiment 
included progeny derived from Chester White, Landrace, Large White and Yorkshire 
breeds while the second experiment included Duroc, Hampshire, Pietrain and Spot 
progeny.  Data were collected on purebred, two breed cross and four breed cross progeny.  
Direct heterosis was found to significantly decrease the age at puberty in both 
experiments while maternal heterosis increased age at puberty in experiment two only.  
Direct heterosis was also found to significantly decrease gestation length in experiment 
one, increase weight loss during lactation in experiment two and significantly increase 
sow weight at 110 days of gestation in both experiments.  Maternal heterosis significantly 
decreased sow weight at 110 days of gestation in experiment one. 
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Both direct and maternal heterosis can clearly benefit the producer and is a 
strategy that is well utilized by the modern swine industry.  Continued improvements in 
seedstock animals will result in several fold improvements in the market pig. 
 
Selection Response and Experiments for Reproductive Traits 
The most effective way of making improvements in a species is through genetic 
selection.  Selection has defined the modern breeds and is responsible for the constant 
improvement of the species for both the benefit of consumers and producers.  Genetic 
selection for reproductive improvement has been demonstrated numerous times, with 
studies focused on litter size, ovulation rate, and uterine capacity (Dickerson, 1951; 
Revelle and Robison, 1973; Olivier and Sellier, 1982; Lamberson et al., 1991; Johnson et 
al., 1999; Ruiz-Flores and Johnson, 2001; Holl et al., 2003).  In order for selection to be 
effective, three factors must be in balance – intensity, accuracy and generation interval 
(Falconer and Mackay, 1996).     
Selection for litter size has not always been effective in swine (Dickerson, 1951; 
Revelle and Robison, 1973 and Olivier and Sellier, 1982), but Ruiz-Flores and Johnson 
(2001) in a selection experiment for ovulation rate and number of fully formed piglets 
saw a genetic response in fully formed pigs of 0.27-0.33 pigs/generation after eight 
generations of two-stage selection.  From a selection experiment in Johnson et al. (1999), 
estimated breeding values for the select line relative to the control line increased at a rate 
of 0.21 ± 0.04 fully formed pigs per generation over 14 generations.  Number of pigs 
born alive had a response of 0.25-0.58 pigs.  Holl et al. (2003) reported a response of 
+0.86 pigs born alive, +0.63 pigs increase in breeding value and 9.05 pigs in cumulative 
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selection differential after 9 generations of selection versus the control line, with the 
difference between lines in estimated breeding values for number of pigs born alive 
increasing by 0.079 pigs per year (P<0.01).   
While litter traits have been well studied, ovulation rate and age at puberty have 
been the subject of only a few selection experiments.  Ruiz-Flores and Johnson (2001) 
reported improvements of approximately 0.27 – 0.30 ova per generation in a two-stage 
selection experiment.  Lamberson et al. (1991) reported the results of an experiment for 
nine generations of selection for high ovulation rate and two generations of random 
selection followed by eight generations of selection for increased litter size, early age at 
puberty, or random selection in the high ovulation rate line.  They estimated the response 
to selection for ovulation rate in the first nine generations was 3.7 ova.  There was also 
continued random selection in the high ovulation rate line after the initial eight 
generations of selection and a control line that was maintained throughout the experiment 
with random selection (Lamberson et al., 1991).  The response per generation for litter 
size as a response to selection for ovulation rate was 0.089 ± .058 pigs and the response 
in litter size was 1.06 pigs per litter (P<0.05) when estimated using the regression 
estimate of total response to selection (Lamberson et al., 1991).  The response of 
selection for earlier expression of age at puberty was between -15.7 d (P<0.01) when 
analyzed by regression and -17.1 d when analyzed using an animal model (Lamberson et 
al., 1991). 
The improvement of reproductive traits, although relatively slow, has been shown 
to be a viable way to improve herd performance.  Litter size has been clearly shown to be 
a candidate trait for selection, as have number of pigs born alive, ovulation rate and age at 
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puberty.  All of these traits are contributors to sow reproductive performance and when 
traditional selection can be combined with genomic selection a more substantial response 
is expected. 
 
Relationships Between Reproductive Traits and Other Economically Important 
Traits 
Reproduction and Conformation 
Serenius and Stalder (2007) estimated that leg soundness score explained a 
significant (P<0.001) proportion of the variation in a sow’s risk of being culled.  Knauer 
et al. (2011) reported favorable genetic correlations between stayability and structural 
conformation traits of front (r=0.17) and rear (r=0.49) leg views.  Fernandez et al. (2008) 
found a significant effect of overall leg conformation on sow survivability in several 
breeds of sows, with the same direction in all breeds (P<0.01).  They also found that the 
well-conformed sows were associated with a minimum hazard ratio of being culled, 
while poorly conformed sows were associated with a maximum hazard ratio.  They found 
that plantigradism (pastern touching the ground) had a significant effect on longevity in 
Duroc (P<0.001) and Large White (P<0.05) and a tendency in Landrace (P<0.10).  Hoof 
growth had a significant impact on longevity in Duroc (P<0.001) and Landrace (P<0.01) 
but was not significant in Large white.  Splayed feet was significant in Duroc only 
(P<0.05), and straight pastern was significant in Large white only (P<0.01). 
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Reproduction and Production Traits 
 As traits such as growth or lean content are characterized by higher heritabilities 
than reproductive traits such as litter size, the history of selection emphasis on these 
growth traits has resulted in adverse responses in reproduction traits (Hoge and Bates, 
2011).  Understanding the relationships between production and reproduction traits is 
essential in the development of selection indexes that can optimize the overall response.  
Growth rate and litter size tend to show unfavorable relationships, as was estimated by 
Holm et al. (2004), where NBA and adjusted age at 100 kg showed genetic correlations 
of 0.6 ± 0.05 and 0.42 ± 0.06 for first and second parity, respectively.  They also 
estimated genetic correlations of 0.23 ± 0.08 and 0.20 ± 0.10 between food consumption 
from 25 to 100 kg and NBA at first and second parity, respectively.  Slower growing, less 
efficient gilts had larger numbers of piglets born alive through the second parity.   
Serenius and Stalder (2007) estimated a relationship between risk of culling and 
adjusted age at 100 kg (P<0.05) and no association (P=0.4) with backfat thickness at 100 
kg and risk of culling, with the tendency being that a greater backfat and adjusted age at 
100 kg were associated with a lower sow culling risk.  Tummaruk et al. (2001) showed 
that growth rate from birth until 100 kg significantly influenced total number born, 
number born alive and weaning to insemination interval in all parities and that adjusted 
backfat at 100 kg significantly influenced weaning to first service interval in primiparous 
sows (P<0.01), total number born and number born alive in parities two, four and five 
(P<0.05). 
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Components of Sow Reproductive Longevity 
 Sow reproductive longevity is a trait whose definition has been the cause of much 
discussion.  From Hoge and Bates (2011), we see that the definitions can vary from the 
number of days from first farrowing to the day of removal from the herd, total number of 
pigs produced in the sow’s lifetime, and pigs alive per day of life.   
 Knauer et al. (2010b) looked at the relationship of growth, body composition and 
reproductive factors with the ability of the sow to stay in the herd to the fourth parity 
(stayability) with no culling for reproductive performance (i.e. litter size, weaning 
weights).  They found that the age at first farrowing explained the largest proportion of 
the variation (6%) in stayability, followed by age at puberty and lactation feed intake.  
They found a favorable relationship between an earlier age at puberty or first farrowing 
and greater lactation feed intake with stayability.  Serenius and Stalder (2007) 
demonstrated in a Finnish Landrace and Large White crossbred population that a later 
age at first farrowing increased (P<0.001) the risk of a sow being culled. 
 In an evaluation of six maternal sow lines, Serenius et al. (2006) found that sows 
with lower feed intake and higher backfat loss during lactation were at greater risk of 
being culled.  They also found that a greater age at first farrowing in one maternal line 
was significantly associated with a higher risk of being culled and that extremes in litter 
size (<9 or >13 born) increased the risk of being culled in two of the lines.  When gilts 
that never farrowed were included in the analysis, backfat thickness was significantly 
associated with sow longevity, but when they were removed this association weakened, 
suggesting that backfat thickness may play a role in conception rates and maintaining 
pregnancy (Serenius et al., 2006).  In a review, Serenius and Stalder (2006) also reported 
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that lower feed intake and greater backfat loss during lactation negatively affected future 
reproductive performance and that farrowing interval was negatively correlated with 
longevity or length of productive life. 
 
Genes and QTL that Affect Reproductive Traits 
 
Major Functional Alleles and Genes 
 
Many major loci that affect quantitative traits have been discovered due to a 
combination of chance and the major effects they cause, usually due to their increased 
frequency in a selected population (Falconer and Mackay, 1996).  Genes such as the 
halothane gene in pigs (Webb et al., 1982) were discovered because of the singularly 
large effect of the gene.  This method of gene discovery is rarely successful due to 
phenotypes being influenced by many genes.  Falconer and Mackay (1996) outlined 
several methods of detection of major functional alleles, including multimodal 
distribution, backcrossing with selection, non-normal distribution, heterogeneity of 
variance, offspring-parent resemblance, and complex segregation analysis.  The method 
of complex segregation analysis has the greatest power of detection, and entails a method 
to determine if the trait is inherited due to segregation of a major gene or a major gene 
plus multiple loci.  This approach accounts for many factors, including allele frequency, 
additive effects at the major locus and multiple polygenic factors, dominance effects at 
the major locus, and common and random environmental effects.  Each effect is defined 
as a single model and then as a combined mixed model using maximum likelihood 
estimates. 
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 Fifteen candidate genes have been identified that may contribute to variation in 
female reproductive traits in pigs (Table 1.1).  Many of these candidates have been 
associated with litter size traits such as TNB and NBA.  Of these candidates, estrogen 
receptor 1 (ESR1) has been associated with litter size traits in multiple studies (Table 
1.1).  The effect of the favorable allele ranged from 0.2 piglets per farrowing to 1.15 
piglets per farrowing (Rothschild et al., 1996; Short et al., 1997).  Erythropoietin receptor 
(EPOR) on Sus Scrofa chromosome (SSC) 2 codes for a receptor that influences red 
blood cell maturation in the fetus (Moritz et al., 1997) and has been identified to 
influence uterine capacity in the pig (Vallet et al., 2005).  Aldo keto reductase 1C2 
(AKR1C2) belongs to a family of aldo-keto reducatases that are responsible for the 
regulation of reproduction, development and homeostasis by the conversion of steroid 
hormones to their more functional forms (Nonneman et al., 2006).  A SNP in the 
AKR1C2 gene was associated with age at puberty (P=0.07) in a Meishan, Chester White, 
Landrace, Large White and Yorkshire composite population (Nonneman et al., 2006). 
  
16 
Table 1.1: Genes associated with reproductive traits in female pigs.  Adapted from 
Bidanel (2011). 
Chromosome Gene Associated 
Trait(s)* 
Source 
1 Estrogen receptor 1 
(ESR1) 
TNB, NBA, TN Rothschild et al., 1996; 
Short et al., 1997;  
Van Rens et al., 2002; 
Goliasova and Wolf, 
2004; Horogh et al., 2005; 
Munoz et al., 2007 
1 Paired box 5 (PAX5) AP Kuehn et al., 2009 
2 Follicle stimulating 
hormone beta (FSHB) 
TNB, NBA, 
NW, LWW, GL 
Li et al., 2008 
2 Erythropoietin receptor 
(EPOR) 
Uterine 
capacity 
Vallet et al., 2005; 
Nonneman et al., 2006 
6 Leptin receptor (LEPR) Litter size Chen et al., 2004b 
6 Fucosyl transferase 1 
(FUT1) 
TNB, NBA Horak et al., 2005;  
Buske et al., 2006 
6 Ring finger protein 4 
(RNF4) 
TNB, NBA Niu et al., 2009 
7 Properdin (BF) NB, NBA Buske et al., 2005 
8 Gonadotrophin 
releasing hormone 
receptor (GNRHR) 
OR Jiang et al., 2001 
8 Osteopontin (OPN) TNB, NBA Korwin-Kossakowska et 
al., 2002 
8 Leukaemia inhibitory 
factor (LIF) 
NBA Spotter et al., 2009 
10 Aldo keto reductase 
1C2 (AKR1C2) 
AP, OR, TN Nonneman et al., 2006 
14 Retinol binding protein 
(RBP4) 
TNB, NBA Rothschild et al., 2000; 
Spotter et al., 2009 
16 Prolactin receptor 
(PRLR) 
TNB, NBA, 
AP, OR 
Vincent et al., 1998; 
Drogemuller et al., 2001; 
Van Rens and Van der 
Lende, 2002;  
Van Rens et al., 2003 
18 Leptin (LEP) TNB, NBA Korwin-Kossakowska et 
al., 2002;  
Chen et al., 2004a 
* AP – age at puberty; OR – Ovulation rate; GL – Gestation length; TN – Number of teats; LP – Lifetime 
total number born; LNBA – Lifetime number born alive; TNB -Total number born; NBA-Number born 
alive; NW – Number weaned; LWW – Litter weaning weight. 
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QTL Mapping 
Quantitative trait loci (QTL) are regions of chromosomes found to affect a 
quantitative trait of interest.  Detection requires a linkage map of polymorphic loci 
covering the entire genome and adequate quantitative trait variation in the population 
(Falconer and Mackay, 1996).  QTL have been found on multiple chromosomes for 
reproductive traits such as age at puberty, ovulation rate, gestation length, total number 
born and others.  QTL for litter traits including TNB, NBA, MUM and SB have been 
mapped on SSC 1, 2, 4, 5, 6, 7, 8, 11, 12, 13, 14, 15, 16, 17, and 18 while QTL for age at 
puberty have been mapped to 10 chromosomes – 1, 4, 6, 7, 8, 10, 12, 13, 15 and 17 
(Bidanel, 2011).  Another reproductive trait that has been the focus of QTL studies is 
ovulation rate, with discovery on nine chromosomes – 3, 4, 5, 7, 8, 9 10, 13 and 15 
(Bidanel, 2011). 
 Cassady et al. (2001) identified a QTL on chromosome 11 for TNB and NBA and 
on SSC 5 and 13 for SB in a population of LW x LR sows.  Holl et al. (2004) detected 
QTL on chromosome 12 and 14 for SB and on 2, 6 and 12 for number of mummified, 
also in a LW x LR population.  De Koning et al. (2001) detected QTL for total number 
born on SSC 7, 12, 14 and 17 in a LW/LR x MS (Meishan) population.  King et al. 
(2003) detected a QTL on SSC 8 for TNB in a LW x MS population.  Li et al. (2009) 
detected QTL for TNB on SSC 7 and 15 and QTL for SB on 7 and 8, NBA on 6 and 15 in 
a Duroc x Erhualian population.  Noguera et al. (2009) discovered QTL on 13 and 17 for 
TNB and 13 and 17 for NBA in an Iberian x MS cross.  Wilkie et al. (1999) detected 
QTL on SSC 6 for TNB and SSC 4 for SB in a Yorkshire (YO) x MS cross. 
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 Bidanel et al. (2008) discovered QTL on SSC 4, 7 and 13 for both AP and 
ovulation rate, with additional QTL on SSC 1 and 6 for AP and SSC 5 and 9 for 
ovulation rate in a LW x MS population.  Cassady et al. (2001) also identified a QTL for 
ovulation rate on SSC 9 and SSC 7, 8 and 12 for AP while Holl et al. (2004) found a QTL 
for AP on SSC 15.   
 The traditional approach to QTL discovery has led to the compilation of databases 
that include many QTL (Hu et al., 2005), but the usefulness of these QTL for complex 
traits such as reproductive longevity are limited due to the poor coverage of the genome, 
polygenic nature of the phenotypes and large confidence intervals.  The disagreement 
among QTL studies has been demonstrated and is evidence that a different approach was 
needed, but was limited by statistical methodologies, limited power and recombination 
frequencies among others. 
 
Genome Wide Association Studies 
With the development of high-density marker panels that use single nucleotide 
polymorphism (SNP) genotyping in a high thorough-put manner to uniformly cover the 
entire genome, the potential to screen large populations for thousands of polymorphisms 
became possible.  With this technology came the ability to detect genetic causes of 
complex phenotypes, including reproductive traits.  This technology can complement 
traditional selection approaches and increase accuracy while decreasing generation 
interval (Meuwissen et al., 2001).  Recent studies for reproductive traits have included 
litter traits, gestation length, age at puberty and composition and structural traits (Onteru 
et al., 2012, Nonneman et al., 2011; Fan et al., 2011). 
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 The predominant approaches to analysis for the large data sets available from 
high-density genotyping include single-marker association and Bayesian approaches 
(Bouwman et al., 2011; Fan et al., 2011; Nonneman et al., 2011; Onteru et al., 2012).  
Single marker association analyses employ a linear model which takes into account the 
individual SNP effect and the effect of any additional factors, such as sire or litter 
(Bouwman et al., 2011).  Nonneman et al. (2011) used this technique to examine age at 
puberty in a Duroc-Landrace-Yorkshire population.  They identified a region on SSC 2 
(28 Mb) accounting for approximately 5% of the phenotypic variation and additional 
regions on SSC 7 (32 Mb), SSC 13 (26Mb) and SSC 16 (4Mb).  A genome-wide 
association study using 683 female pigs with a Large White x Landrace background 
examined TNB, NBA, SB, MUM and gestation length (GL) over three parities (Onteru et 
al., 2012).  Using a Bayes C method with a 0.995 probability that an individual SNP 
would have a zero effect they ran association analyses with 57,814 SNPs and each trait to 
estimate the genetic variance accounted for by each SNP.  The analyses included 50,000 
iterations with 1,000 discarded as burn-in.  Due to underestimation of SNP effects 
because of linkage disequilibrium, posterior means were used in the prediction of 
genomic merit of windows of 5 sequential SNPs.  QTL were defined as a window or set 
of windows that have a P<0.01 (<0.05 for MUM) estimated from a bootstrap analysis and 
carry a higher proportion of genetic variation than that expected for one window (Onteru 
et al., 2012).  The analysis revealed several significant QTL for each trait, including 14 
over 7 chromosomes, 33 over 11 chromosomes, and 28 over 13 chromosomes for TNB 
parity one to three.  For NBA parity one they discovered 11 QTL regions over seven 
chromosomes, 22 over eight chromosomes for parity two and nine regions over six 
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chromosomes for parity three.  Functional annotation analysis revealed that on average, 
68.3% of the identified genes in the QTL regions were involved in pituitary, ovarian, 
uterine, placental and embryological functions (Onteru et al., 2012). 
 The large number of regions identified in GWAS studies for reproductive traits is 
a confirmation of the pleiotropic nature of the traits.  More than half of identified regions 
contained genes involved in reproductive function, indicating that there is indeed a 
genetic component to reproductive productivity.  As these tools are further developed, 
causative polymorphisms can be identified and integrated into breeding programs along 
with traditional selection methods. 
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CHAPTER 2: Genomic Analysis of Characteristics in Swine Contributing to Sow 
Longevity 
 
2.1 INTRODUCTION 
 
Genetic improvement of reproductive longevity in maternal lines using a 
traditional phenotypic selection approach is limited due to low accuracy in estimating 
breeding values and low heritability, a result of the relatively small to moderate effects of 
many polymorphic genes.  A whole genome approach to selection is necessary to account 
for numerous small effects, but can be problematic due to traits such as litter size or 
number born alive being expressed in adulthood and consequently carrying significant 
environmental variation.  These traits also carry low heritabilities of 0.07-0.17 for 
number born alive (Johnson et al. 1999; Chen et al., 2003; Holl et al., 2003; Holm et al. 
2004) and 0.15-0.16 for total number born (Lamberson et al., 1991; Johnson et al., 1999).  
Age at puberty (AP) presents an opportunity for indirect selection since it can be 
measured early in life, accurately predicts reproductive efficiency (Young et al., 2008) 
and has a moderate heritability of 0.3-0.42 (Johnson and Nugent, 2008; Ciobanu et al., 
2011).  Puberty onset and prolificacy at first parity are considered early indicators of 
reproductive longevity and productivity (Serenius and Stalder, 2007). The moderate 
heritability makes AP an ideal trait for genome wide association studies and the 
subsequent development of a single nucleotide polymorphism (SNP) panel to be used for 
marker assisted selection.   
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Puberty is characterized by activation of the hypothalamic-pituitary-ovarian axis 
in order to bring about the ovulation of an oocyte competent for fertilization and 
embryonic development (Senger, 2005).  The commencement of productive gonadotropin 
releasing hormone pulses at the level of the hypothalamus, initiating puberty (Senger, 
2005).  The axis continues to control reproductive cycles throughout the lifetime of the 
animal.   Puberty onset and reproductive longevity are both dependent on the function of 
the hypothalamic-pituitary-ovarian axis, and it is assumed that both traits are influenced 
by the same genetic variants.  This study was intended to identify SNPs that are 
associated with AP and sow lifetime reproductive performance through genome wide 
association studies in a maternal crossbred population extensively phenotyped for 
reproductive and developmental traits. 
Over the last five years a unique population resource has been generated to help 
understand the influence of genetic factors and energy inputs on sow development, 
reproductive performance, and longevity.  This population was based on commercial 
maternal lines that express important differences in an array of reproductive and 
developmental traits (Petry and Johnson, 2004; Ciobanu et al., 2011; Miller et al., 2011).  
In this study, we report Single Nucleotide Polymorphisms (SNP) and genomic regions 
that explain variation in age at puberty, number of parities and litter size traits using a 
Genome Wide Association Study (GWAS).  Functional and pathway analysis of these 
regions uncovered candidate genes and allelic variants that have the potential to influence 
the variation of the analyzed traits.    
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2.2 MATERIALS AND METHODS 
 
Animals:  This research was approved by the University of Nebraska Institutional 
Animal Care and Use Committee (IACUC # 06-05-025C).  Gilts originated from two 
genetic sources that differed in lean growth and reproductive rates.  Dams of the gilts 
were either a rotational cross of commercial Large White (LW) x Landrace (LR) or 
Nebraska Index Line (NIL).  The NIL was developed by 18 generations of selection for 
increased litter size followed by 12 generations of selection for litter size, increased 
growth and decreased backfat.  Individual LW x LR and NIL dams were inseminated 
with semen from an unrelated industry maternal line, producing half-sib litters (Johnson 
et al., 2008; Johnson et al., 2011; Miller et al., 2011).  Project gilts were produced in 
seven replicates originating from 275 litters by 56 sires and were randomly selected and 
entered the experiment at approximately 56 d of age.   
 
Nutrition:  Gilts received the same diet and management until they reached an average 
age of 123 d.  Gilts were then placed on an experimental dietary regimen until they were 
moved to the breeding barn.  
 
Replicate 1-4 
A total of 661 gilts were fed a diet during the age of 123 d to 240 d consisting of a 
corn-soybean meal base and formulated to contain 0.69% lysine, 0.64% Ca, and 0.61% P.  
Other nutrients met or exceeded requirements for developing gilts (NRC, 1998).  Half of 
the gilts representing both dam lines were provided ad libitum access to feed (Miller et 
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al., 2011) while the other half were placed on a restricted feeding regimen receiving a 
daily allotment of feed by weight that was 75% of that consumed by gilts receiving the ad 
libitum regimen.  The restricted feeding regimen was fortified with all nutrients (except 
selenium) to ensure that only energy intake was limited.   
 
Replicate 5-6 
 Replications 5 and 6 included 206 gilts, all from NIL dams, which were fed one 
of three diets.  The first diet was previously outlined for replicates 1-4, a corn-soybean 
meal base and formulated to contain 0.69% lysine, 0.64% Ca, and 0.61% P fed ad 
libitum.  The second and third consisted of 20% dried distillers grains and solubles 
(DDGS) and was fed as both ad libitum and restricted to 80% by weight of that consumed 
by ad libitum fed gilts.  The ad libitum DDGS diet consisted of 0.72% lysine, 0.64% Ca 
and 0.66 % P, while the restricted DDGS diet was 0.88% lysine, 0.81% Ca and 0.79% P, 
allowing for restriction of energy intake only. 
 
Replicate 7 
 Replication 7 consisted of 99 gilts from NIL dams fed on two diets in three 
phases.  The ad libitum control diet was fed from 123 to 165 d of age and contained 0.8% 
lysine, 0.64% Ca and 0.61% P while the restricted diet contained 0.88% lysine, 0.65% Ca 
and 0.61% P.  Lysine percentage was reduced by 0.1% in each phase while calcium and 
phosphorus levels remained the same.  The second phase was fed from 166 to 207 d of 
age and the third from 208 d of age until gilts were moved to the breeding barn at 
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approximately 240 d of age.  The restricted diet in this replicate was fed ad libitum as the 
energy was restricted to 80% of that of the control diet by the inclusion of 40% soy hulls. 
During the breeding period and thereafter all animals received the same diet.   
 
Phenotypes:  Recording of first estrus expression or age at puberty (AP), began when the 
oldest gilt in a pen reached 140 d of age.  Once daily gilts were moved by pen to an 
adjacent room and exposed to a boar for 15 min.  Estrus detection continued until gilts 
were moved to the breeding barn around 240 d of age or until all gilts within a pen had 
been observed in estrus at least twice.  Gilts were maintained in the herd through four 
parities unless they failed to conceive or farrow a litter, had structural or health problems.  
Total number born (TNB), number born alive (NBA), and numbers of mummified 
(MUM) and stillborn (SB) pigs through the fourth parity were recorded.  Lifetime 
productivity (LP) and lifetime number born alive (LNBA) were defined as the sum of 
TNB or NBA for parities 1 to 4 for replicates 1-5 and 1 to 3 for replicate 6.  The number 
of completed parities (SP) was also recorded through the final parity.  The 7th replicate 
was still in production and at the time of this analysis had not completed all parities and 
was not included in lifetime trait analysis.  Birth weights were recorded on live and 
stillborn piglets and included in the total litter birth weight (TBW).  Cross-fostering was 
practiced and individual weights were recorded at weaning, with weights of fostered 
piglets included in the nursing dam’s total litter weights at weaning (TWW).  Sow 
weight, backfat and longissimus dorsi muscle area (LMA) were measured for each parity 
when the sow was moved into the farrowing crate and at weaning. 
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DNA Isolation and Genotyping:  DNA was isolated from tail or ear tissues using the 
DNeasy or Puregene blood and tissue kits (Qiagen, Valencia, CA).  DNA quantity and 
quality were assessed by NanoDrop Spectrophotometer (Thermo Scientific, Waltham, 
MA) and agarose gel electrophoresis.  Individuals were genotyped for 62,183 SNPs using 
the PorcineSNP60 BeadChip (Illumina, San Diego, CA) following manufacturer 
protocols.  The majority of the SNPs (55,427) were mapped on the build 9 assembly of 
the porcine reference genome.  Genotyping quality was determined using GenCall data 
analysis software (Illumina, San Diego, CA) which assigns a quality score (GenCall) to 
each genotype.  Quality scores below 0.20 were considered poor quality genotypes and 
removed, and these genotypes were replaced with allelic frequencies.  Markers with 
minor allele frequencies below 0.01 were removed and individual samples and SNPs with 
a call rate below 0.8 were excluded.  This resulted in 52,935 high quality SNPs and 841 
individuals available for analysis.  
 
Reverse Transcription PCR and DNA Sequencing:  Hypothalamic region, pituitary, 
ovarian cortex and granulosa cells were collected from pre- and post-pubertal gilts (n=10) 
with an average age of 163 d.  Gilts were offspring of replicate 6 experimental sows 
(n=8) that displayed substantial differences in age at puberty, having expressed first 
estrus early (before 154 d of age, n=3), late (after 191 d of age, n=2) and close to average 
(160-170 d of age, n=3) of the resource population (174 d).  The RNA was isolated using 
TRIzol (Life Technologies, Carlsbad, CA) and RNA pools were compiled for each tissue.  
First strand cDNA synthesis of the RNA pools was followed by PCR of the cDNA 
samples for six positional candidate genes (AVPR1A, BAIAP2, CRTC1, OR2G3, PAPPA 
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and PRKAA2) located in five GWAS based QTL regions.  Qualitative evaluation of gene 
expression was performed by agarose gel electrophoresis.  PCR products were treated 
with ExoSAP-IT (USB Corporation, Cleveland, OH) and sequenced using dye 
terminators on an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, 
CA).  Sequencher software (Gene Codes, Ann Arbor, MI) was used to align the 
sequences and to identify polymorphisms. 
 
Statistical Analysis:  The proportion of genetic variance explained by each SNP for AP, 
LP and litter traits (TNB, NBA, MUM and SB) measured separately from parity one to 
four, and over the lifetime of the sow was estimated from the 52,935 SNPs using a Bayes 
C analysis (Kizilkaya et al., 2010) implemented through GenSel software package 
(Fernando and Garrick, 2009).  Line, replicate, and diet were included as fixed effects.  It 
was assumed that 0.005 (1 - π) of the interrogated SNPs explained the genetic variation 
of the trait while the other SNPs were assumed to have no effect, resulting in a sample of 
approximately 300 SNP genotypes in each of 41,000 iterations of a Markov chain, the 
first 1,000 iterations being discarded as burn-in.  Posterior means of the SNP effects 
resulting from Bayes C analysis were used to predict genomic merit of sliding 
chromosomal windows of five consecutive SNPs and an overall genomic prediction value 
for each individual. 
The robustness of the Bayes C model was assessed by Bayes B as it uses a locus-
specific shrinkage of the effects.  The same number of iterations, burn-in and π parameter 
were used as in the Bayes C model (Meuwissen et al., 2001).  The Bayes B model 
amassed the explained genetic additive value of every 1 Mb fragment of the swine 
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genome.  A total of 1,000 samples of the breeding values of each fragment (one sample at 
every 40th iteration) were used to estimate the variance of that fragment across animals 
and expressed as a proportion of the variance of the genomic breeding value.  Assuming 
under the null hypothesis the absence of QTL effects in any one of these windows, we 
estimated the probability of each window having an effect greater than 0 and used these 
samples to estimate the probability of each window having an effect greater than the 
average proportion of variance that would apply if the trait was infinitesimal and every 
window accounted for the same fraction of the genomic variation. 
Estimates of variance components and heritabilities were obtained using JMP 
(SAS Inst. Inc., Cary, NC) from a model that included dam line and gilt development 
regimen (diet) as fixed effects and sire, replicate and litter as random effects.  Effects of 
traits recorded before breeding (birth weight, weaning weight, and weight, backfat 
thickness, and longissimus muscle area at 230 d of age, and age at puberty) on the 
probability that females would produce a first parity litter were estimated by fitting these 
traits as covariates in generalized linear mixed models.  Associations between single 
markers and age at puberty and lifetime number of litters were tested by JMP using a 
mixed model that included marker genotype, replicate and diet as fixed effects and sire 
and litter as random.  
 
Gene Ontology:  Windows that harbored packed clusters of SNPs (< 1 Mb) that 
explained the largest phenotypic variances were expanded to 5 Mb for functional 
characterization and to search for positional candidate genes using the Sus scrofa Build 9 
assembly (http://www.ensembl.org/Sus_scrofa/Search/New?db=core).  Biomart.org 
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Central Portal (Version 0.7) was used to identify human orthologs for each of the swine 
candidate regions using the Ensembl Genes 64 database and Sus Scrofa Genome.  
Database for Annotation, Visualization and Integrated Discovery (DAVID) was used in 
functional annotation of the human orthologs, enrichment of gene ontology terms (GO 
BP FAT), and pathway analyses (http://david.abcc.ncifcrf.gov/). 
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2.3 RESULTS AND DISCUSSION 
 
Genotyping Quality:  The genotyping call rate of the samples varied from 80.03 to 
99.96% averaging 99.42%.  94.6% of the samples had a genotyping call rate of at least 
99%, and 88.7% of the samples had a genotyping call rate of at least 99.5%.  The average 
SNP call rate was 99.1% with variation among SNPs; 677 SNPs generating genotypes for 
all samples and 46,506 of the SNPs generating genotypes for at least 99.0% of the 
samples. 
A large proportion of the SNPs (76.4%) had a minor allelic frequency (MAF) of 
at least 0.10.  The relatively large proportion of SNPs that displayed substantial allelic 
variation was expected since all of the SNPs present in the Porcine SNP60K BeadArray 
have been previously validated in common swine breeds (Ramos et al., 2009).  The 
fraction of fixed SNPs is limited (5.1%) and the proportion of fixed SNPs (3,012) per 
chromosome varied from 3.5% (SSC 10) to 10.8% (SSC X) with 0.8 (SSC 10) to 1.7 
(SSC 4) fixed SNPs per Mb.  The proportion of informative SNPs with a relatively rare 
allele (q<0.10) varied per chromosome from 12.9% (SSC 12) to 25.5% (SSC 15) with 2.8 
(SSC X) to 5.5 (SSC 1) SNPs per Mb.  Regions located on SSC 1 (219.1-227.8 Mb), SSC 
8 (48.3-50.0 Mb) and SSC 15 (76.1-79.0 Mb) were characterized almost exclusively by 
SNPs with relatively rare allele frequencies (13-135 SNPs/region).  These regions are 
potentially signatures of natural selection for traits associated with fitness, or artificial 
selection for traits associated with maternal lines, that include reproduction traits.  
The genotype frequency of 5,806 SNPs deviated significantly from Hardy-
Weinberg genetic equilibrium (P < 8.9.e-7, adjusted for multiple testing using Bonferroni 
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correction).  The distribution of these SNPs per chromosome varied from 7.7%% (SSC 1) 
to 17.7% (SSC X), with 1.4 (SSC 2) to 2.9 SNPs (SSC 12) per Mb.  Some of these SNPs 
were clustered on chromosomal regions such as the distal end of SSC 19 (121.1-123.8 
Mb) that included 30 out of 47 informative SNPs with a distance between SNPs that 
varied from 2.8 to 285.5 kb.  The large number of SNPs that significantly deviate from 
Hardy-Weinberg genetic equilibrium was expected since this resource population was a 
result of crossing different populations that exhibit substantial phenotypic and genetic 
differences. 
 
AP Candidate Regions Overlapping Previously Reported Candidate Genes and QTL:  
Variation in AP was associated with the largest SNP effects from all reproductive traits 
analyzed in this study, explaining 30% of the phenotypic differences (Table 1).  Major 
clusters of SNPs associated with the largest effects on puberty onset were located on 
multiple regions of SSC 1 and SSC 6 and unique regions on SSC 2, SSC 3, SSC 4, SSC 
5, SSC 8, SSC 9, and SSC 12 (Table 2, Figure 1).  A major cluster was defined as a 
region of 1 MB windows of SNPs associated with the largest amount of phenotypic 
variance (> 5 windows in the top 0.5% with at least 1 window in the top 0.05% or ≥ 7 
windows in the top 0.5%).  Individually, each of these clusters of windows explains a 
small proportion of the total genetic variance.  For example, the region associated with 
the largest variance (SSC 4:6.25-6.35 Mb) explains only 1.8 % of the genetic variation of 
AP. 
  Several regions overlap previously reported QTL and suggest common sources of 
variation functionally important across populations.  A region associated with AP, LP and 
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LNBA detected at the proximal end of SSC 12 (~1 Mb) was adjacent to a QTL for AP in 
a cross between pigs from NIL, selected for 10 generations for increased ovulation rate 
and embryonic survival, and a control line subjected to random mating (Holl et al., 2004).  
Possible sources of variation at this site include genes involved in the generation of 
precursor metabolites and energy (GAA) and cellular response to hormone stimulus 
(BAIAP2).  A region associated with AP on SSC 6 (110.8-111.1 Mb) overlaps a QTL 
mapped by Bidanel et al. (2008) in a three-generation cross between Meishan and Large 
White.  Potential candidates located in this region include genes involved in regulation of 
fatty acid metabolic (PRKAA2) and catabolic processes (CPT2), reproductive 
developmental (DMRTB1) and vasculature development (PPAP2B).  CREB-regulated 
transcription coactivator 1 (CRTC1, 62.78-62.81 Mb) is a candidate gene located in the 
expanded area of the QTL mapped on SSC 2 (60.5-64.2 Mb).  Recent meta-analysis of 
GWAS uncovered an intronic SNP in CRTC1 associated with age at menarche in humans 
(Elks et al., 2010).  The expression of CRTC1 is modulated by leptin.  Inactive CRTC1 
(Crtc1-/-) is associated with hyperphagia, obesity and infertility in mice, with females 
displaying low levels of circulating luteinizing hormone (Altarejos et al., 2008).  
Overexpression of CRTC1 in hypothalamic cells increases expression of Kisspeptin, 
which activates secretion of gonadotrophin releasing hormone (Elks et al., 2010). 
 
Litter Size Traits by Parity:  The impact of the variation of genotyped SNPs to the 
phenotypic differences in TNB and NBA from Parity 1 to 4 varied from 0.04 to 0.09 
(Table 1).  The largest SNP contribution to phenotypic variation occurred for TNB and 
NBA at Parity 3 (0.07-0.09) (Table 1).  The SNPs explained a limited contribution to the 
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SB as a categorical trait in the first parity (0.06) but increased dramatically for parity 2-4 
(0.24-0.99), most likely due to the loss of power from reduced numbers of animals and a 
small number of categories (Table 1).  Onteru et al. (2012) reported similar proportions 
across three parities of 0.003 for TNB, 0.005-0.007 for NBA and 0.061-0.398 for SB. 
 Most of the major regions for litter size traits did not overlap between parities 
(Table 3).  A region on SSC 2 (96 Mb) overlapped between TNBP1 and TNBP3, one 
region on SSC 4 (95 Mb) overlapped between NBAP2 and NBAP3 and one region on 
SSC 18 (36 Mb) overlapped between NBAP3 and NBAP4.  Two regions, SSC 1 (78, 80 
Mb) overlap for SBP1 and SBP3.  As was expected due to the similarity of the 
phenotypes, there were several overlapping regions between TNB and NBA for 
corresponding parities.  Three regions overlapped between TNBP1 and NBAP1 on SSC 3 
(101 Mb), SSC 4 (127 Mb) and SSC 16 (38 Mb).  Six regions were overlapping between 
TNBP2 and NBAP2, five regions between TNBP3 and NBAP3 and five regions were 
overlapping between TNBP4 and NBAP4.  No regions from parity 1-3 overlapped those 
reported by Onteru et al. (2012) in a similar GWAS performed in commercial sows.  In 
the current study the conditions for culling were much more controlled than in a normal 
commercial operation and many of the animals used had been selected for reproductive 
performance, so differences from Onteru et al. (2012) findings were expected. 
 The litter traits by parity explained very small proportions of the variance and the 
variability between parities supports conclusions by Onteru et al. (2012) that individual 
parities should be analyzed as separate traits. 
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Functional Characterization, Candidate Genes and Their Expression in Regions 
Associated with AP:  Regions that displayed the largest contribution to phenotypic 
variance were subjected to functional annotation, enrichment and pathway analyses that 
were based on human orthologs due to limited annotation of the swine transcriptome.  
The analysis included 11 regions located on nine chromosomes for AP, totaling 465 
genes (Table 2 and 3).  There was no statistical significance in reproductive cellular 
process, reproductive behavior and sexual reproduction.  The most significant 
enrichments were observed for vesicle-mediated transport (P=0.0023, e.g. RABGEF1), 
nucleobase, nucleoside, nucleotide and nucleic acid transport (P=0.0069, SMG7, XPOT), 
exocytosis (P=0.0076, e.g. STX4) and polysaccharide biosynthetic and metabolic 
processes (P=0.012, 0.022, e.g. PGM3, PRKAA2, GAA).   
Additional processes that could potentially influence AP include genes involved 
in secretion by a cell (P=0.021, e.g. STX4), carbohydrate biosynthetic process (P=0.06, 
e.g. PHKG2), regulation of Ras GTPase activity (P=0.054, e.g. SYDE1), positive 
regulation of muscle contraction (P=0.063, e.g. PTGS2), amino sugar metabolic process 
(P=0.086, e.g. FN3K), and ATP biosynthetic process (P=0.098, e.g. MON2).  
Significantly enriched pathways (P<0.05) included o-glycan biosynthesis (GALNT1), 
focal adhesion (LAMC1), and insulin signaling (PIK3R2).  Individual candidate genes of 
interest include AVPR1A involved in reproductive behavior, CRHBP in female pregnancy 
and behavior, CRTC1 in regulation of transcription, and PRKAA2 in energy metabolism.  
Also included are BAIAP2 and OR2G3 involved in signal transduction and PAPPA 
involved in reproductive development and gamete generation and pregnancy. 
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 Protein kinase, AMP-activated, alpha 2 catalytic subunit (PRKAA2) is an AMPK 
subunit gene that encodes for the alpha 2 catalytic subunit of AMPK, a kinase that 
regulates cellular energy homeostasis, glucose and lipid metabolism, and protein 
synthesis (Lin et al., 2010).  Corticotropin releasing hormone binding protein (CRHBP) is 
involved in regulation of corticotropin-releasing hormone (CRH), which plays a large 
role in the regulation of the hypothalamic-pituitary-adrenal axis (Vitoratos et al., 2006).  
CRH has also been found to be present in most female reproductive tissues and CRH 
present in the placenta may influence the onset of parturition (Vitoratos et al., 2006).  
Brain-specific angiogenesis inhibitor 1-associated protein 2 (BAIAP2) codes for a protein 
that is present in the cell membrane that links membrane G-proteins to cytoplasmic 
effector proteins (Oda et al., 1999).  This protein is active in neurons and acts as an 
insulin receptor tyrosine kinase substrate, perhaps playing a role in insulin regulation in 
the neurons (Oda et al., 1999).  Olfactory receptor, family 2, subfamily G, member 3 
(OR2G3) is part of a family of receptors that interact with molecules in the nose, 
triggering a neuronal response for perception of smell (Malnic et al., 2004).  Olfactory 
receptors are also involved in the G protein-mediated transduction of these molecular 
odor signals (Malnic et al., 2004).  Pregnancy-associated plasma protein A, pappalysin 1 
(PAPPA) encodes for a metalloproteinase that cleaves insulin-like growth factor binding 
proteins and has been shown to influence follicular differentiation in swine (Mazerbourg 
et al., 2001).  It was shown that expression of PAPPA is high in fully differentiated 
ovarian follicles (Mazerbourg et al., 2001), thereby acting as an indicator of follicular 
development. 
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Expression of six positional candidate genes (AVPR1A, BAIAP2, CRTC1, OR2G3, 
PAPPA and PRKAA2) described above, located in five chromosomal regions, was 
profiled by RT-PCR in the hypothalamus, pituitary and ovarian cortex in pre- and post- 
pubertal gilts with an average age of 163 d (161-165 d).  AVPR1A and OR2G3 were 
highly expressed in the hypothalamic region.  High expression of OR2G3 and moderate 
expression of AVPR1A, BAIAP2, CRTC1, PAPPA and PRKAA2 was observed in 
granulosa cells and the ovarian cortex.  With the exception of PAPPA, a similar pattern 
was also observed in the pituitary.  DNA pools that represented the tails of the 
distribution of genome prediction values for the targeted QTL regions were used for 
partial DNA re-sequencing of positional candidate genes. Three SNPs that trigger amino 
acid substitutions were detected in AVPR1A and BAIAP2.  Six synonymous SNPs were 
detected in AVPR1A, OR2G3 and PAPPA, and one SNP was detected in the 3’ UTR of 
the PRKAA2. 
 
Functional Characterization of Regions Associated with Lifetime Litter Traits:  
Functional annotation of the areas of the genome associated with litter size traits included 
10 regions from six chromosomes for LP (462 genes) 13 regions from eight 
chromosomes for LNBA (502 genes) and nine regions from seven chromosomes for SP 
(368 genes) (Tables 3-6).  Biological processes that were statistically enriched and 
affected variation of LP and LNBA included regulation of carbohydrate catabolism (e.g., 
PPP1R3C), keratinocyte differentiation (e.g., TXNIP), and ectodermis and epithelial 
development (e.g., H2AFB3).  Potential individual candidates include genes involved in 
ovarian follicle development (e.g., SOHLH1), ovulation (e.g., PGR), pregnancy (e.g., 
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CRHR1, RXRA), regulation of BMP signaling pathway (e.g., PCSK6), and 
neuromodulation of the reproductive function (GNRHR2).  Processes statistically 
enriched for SP included oxygen and reactive oxygen species metabolic process and 
response to abiotic stimulus (e.g., DRD5).  Pathway analysis for SP revealed enrichment 
for androgen and estrogen metabolism (e.g., HSD3B1). 
 
Genetic Relationship Between AP, LP and SP:  Heritability estimates of the 
reproductive traits in this population were low to moderate.  Age at puberty had a 
moderate heritability of 0.38 while litter traits such as TNB and NBA in the first parity 
had low heritabilities (0.16-0.18) and number of successful parities also had a low 
heritability (0.04).  Litter trait estimates were similar to those reported by Onteru et al. 
(2012).  The contribution of SNP variation to the phenotypic variance of these traits was 
low to moderate (0.05-0.30) (Table 1), consistent with estimates from Onteru et al. 
(2012) of 0.003-0.398 for litter traits.  Prediction of the phenotypes based on the genomic 
merit of individuals is a critical part of the integration of genomic information into 
breeding programs.  Genomic prediction values were estimated for each individual for 
each trait using estimated SNP effects (Fernando and Garrick, 2009).  These genomic 
prediction values explained a substantial proportion of the phenotypic variance when 
training and prediction was performed in the same data set (Table 7).  Low to moderate 
correlations between genomic prediction values were estimated between AP and TNB for 
each parity (r=-0.15 to -0.32, P<0.0001), while large correlations between TNB and NBA 
for each of the parities (r=0.88 to 0.95, P<0.0001) and small to moderate correlations 
across parities (r=0.24 to 0.56, P<0.0001) were as anticipated (Tables 8-10). 
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A significant genetic relationship was detected between AP and LP; gilts that had 
an early expression of puberty had increased lifetime TNB (-0.33, P<0.0001) and NBA (-
0.32, P<0.0001) (Table 8).  Age at puberty and sow lifetime productivity have previously 
been estimated to have a negative relationship, i.e. an earlier age at puberty results in 
greater productivity (Serenius and Stalder, 2004; Stalder et al., 2004).  A significant 
relationship was detected between genomic prediction of AP and the number of 
successful parities produced over the lifetime of a sow (r=-0.29, P<0.0001) (Table 8, 
Figure 3), similar to an estimate of -0.29 between lifetime prolificacy and age at first 
farrowing in a Finnish Large White population (Serenius and Stalder, 2004).  These 
relationships demonstrate that the relationship between age at puberty and lifetime 
productivity is heavily influenced by similar genetic factors. 
 
Dissection of Genetic Variance Influencing AP and SP:  The SNPs associated with the 
highest effects in each of the 11 QTL regions for AP were evaluated in single marker 
association analyses to investigate the presence of common genetic sources of variation 
for AP and SP.  All of these SNP explained significant differences in variation in AP that 
varied between homozygote genotypes from 4.9 (ALGA0009612, SSC1, 269.3 Mb, 
P<0.05) to 10.6 days (ALGA0022727, SSC4, 63.5 Mb, P<0.0005) (Table 11).  The SNPs 
ALGA0004697 (SSC1, 88.3 Mb) and ALGA0031474 (SSC5, Mb 27.8) of the 11 SNPs 
also explained a significant proportion of the variation in SP (P<0.05) (Table 12).   
The region located on SSC 5 had the strongest effect on both AP and SP.  The AA 
genotype of BGIS0007637 was associated with late expression of age at puberty 
compared to genotypes GG (P<0.05) and AG (P<0.07).  In contrast, genotype GG was 
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associated with a higher number of lifetime parities compared to AA (P<0.01) and AG 
(P<0.07).  The heterozygote individuals had intermediate values for both traits.  This 
region represents one of the sources of the negative relationship between age at puberty 
and reproductive longevity.  Haplotype analysis of this region showed that BGIS0007637 
is part of a group of five SNPs (ALGA0031465: 27,356,329 bp; DIAS0004594: 
27,499,250 bp; BGIS0007637: 27,499,925 bp; ASGA0025214: 27,633,346 bp and 
ALGA0031474: 27,819,353 bp) from the BeadArray located in a window of 0.46 Mb and 
characterized by complete linkage disequilibrium.  
The arginine vasopressin receptor 1A (AVPR1A) gene is located in this window, 
between ALGA0031465 and DIAS0004594, and represents a positional candidate gene 
for this QTL.  AVPR1A is a G-protein coupled receptor expressed in many tissues 
including several regions of the brain such as hypothalamic arcuate nucleus (Caldwell et 
al., 2008).  Recent studies associated AVPR1A with social and reproductive behaviors in 
voles and humans (Walum et al., 2008; Gobrogge et al., 2009) and linked the receptor to 
social behaviors, such as affiliation and attachment.  AVPR1A has also been associated 
with autism in humans (Kim et al., 2002) and in humans an interaction exists between 
oxytocin and vasopressin; vasopressin is important in social behavior, approach-
avoidance reactions, and adaptive functions (Carter et al., 2008).  Two non-synonymous 
SNPs (G256D and K377Q) located in the first and second exon of AVPR1A, respectively, 
were identified in this resource population to display functional characteristics that could 
explain the phenotypic differences.  G256D (SSC5: 27,417,070 bp) is located in the third 
intracellular loop of AVPR1A and is characterized by an important substitution from a 
small residue (Glycine) characterized by flexibility to an acidic and polar residue 
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(Aspartic acid).  K377Q (SSC5: 27,413,729 bp) is located at the C terminus and plays an 
important role in coordinating protein interactions with AVPR1A (Thibonnier et al., 
2001).  Alignment of AVPR1A protein orthologs using ClustalW (Larkin et al., 2007) 
showed that K377Q is well conserved across species with K377 variant present in human, 
swine, rat, mouse and dog and Q377 only being present in swine.  While it is unclear if 
genetic variants of AVPR1A represent the functional determinants of the variation in AP 
and LP, presence of a relatively large conserved DNA block in linkage disequilibrium 
represents a potential molecular resource that could explain variation in AP and LP.  
Since detection of puberty and subsequent estrus detection at breeding depend on the 
outward expression of receptivity, a gene regulating behavior could have an influence on 
that expression.  The relationship of the gene with oxytocin could also regulate events at 
parturition, as oxytocin plays an important role in muscle contractions and milk let down.   
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2.4 CONCLUSION 
 
 The need for improved sow reproductive longevity is of utmost importance to 
swine producers due to the increased costs associated with higher replacement rates due 
to culling for reproductive failure.  Management changes can maximize the genetic 
potential of the females but will always be limited by the genetics of the sow.  Selection 
has been shown to improve performance in traits with similar low heritabilities, but due 
to the lifetime expression of the trait and the very large environmental influence the 
addition of marker data to increase accuracy of selection is essential.  Previous research 
has indicated that age at puberty (AP) represents a viable pre-breeding predictor of 
reproductive longevity.  AP has a moderate heritability and can be detected early in life, 
but is labor intensive to measure.  The early expression and moderate heritability of AP 
makes it an ideal candidate for genome-wide association studies.  With marker data that 
can predict AP and therefore sow longevity, selection can be performed early in the life 
of the animal, reducing the costs of maintaining a replacement herd and eliminating the 
need for detection of AP while still improving the overall reproductive longevity of the 
herd. 
Sow reproductive longevity is a complex trait and it appears that a variety of 
pathways and mechanisms are involved in its’ regulation.  In this study AP was found to 
have a moderate relationship with reproductive longevity.  Due to the moderate 
heritability of AP, the genetic variance explained by the high-density genotypes was 
substantially higher compared to that of litter size traits measured over the lifetime of the 
animal.  The population examined in this study carried substantial allelic variation in the 
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SNPs examined, with a small fraction of fixed SNPs and a small proportion of SNPs with 
low minor allele frequency.  This variation was needed to identify sources of phenotypic 
variation in the population.  The variation in phenotypes due to SNP genotypes was 
found to be small for litter size traits but was moderate for AP.  Although gene ontology 
did not reveal enrichment for reproduction traits, this and other techniques did identify 
viable options for future analysis, SNP discovery and genetic dissection, as well as genes 
that have support from the literature to be involved in either reproduction processes or 
age at puberty.  Eleven 1 Mb regions explained the largest proportion of phenotypic 
variation in AP and included SSC 1 (88 and 269 Mb), 2 (60 Mb), 3 (14 Mb), 4 (6 Mb), 5 
(27 Mb), 6 (85, 111 Mb), 8 (30 Mb), 9 (119 Mb) and 12 (1 Mb).  One region (SSC 12, 
1Mb) overlapped with a top region identified in LP and LNBA and also overlapped a 
previously identified QTL for AP in a cross between pigs from NIL selected for 10 
generations for increased ovulation rate and embryonic survival, and a control line 
subjected to random mating (Holl et al., 2004).  A moderate significant negative 
correlation existed between AP and most of the litter traits recorded as well as SP, 
indicating that an earlier AP would result in higher lifetime reproductive performance.   
Functional annotation and analyses revealed several viable candidate genes 
including PAPPA (SSC 1) coding for a protein that influences follicular differentiation in 
swine, CRTC1 (SSC 2), recently found to be associated with puberty onset in humans, 
OR2G3 (SSC 2), a receptor that interacts with molecules in the nose, triggering a 
neuronal response for perception of smell, CRHBP (SSC 2), playing a role in the 
regulation of the hypothalamic-pituitary-adrenal axis, AVPR1A (SSC 5), a G-protein 
coupled receptor recently identified to be associated with social and reproductive 
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behaviors in other species, PRKAA2 (SSC 6), a catalytic subunit of AMPK, an important 
sensor of energy metabolism, and BAIAP2 (SSC 12), coding for a cell membrane protein 
that links membrane G-proteins to cytoplasmic effector proteins that interact with insulin 
receptors.   
Novel SNPs were detected in some of these genes with two non-synonymous 
SNPs located in AVPR1A.  These SNPs were found to be in complete linkage 
disequilibrium in this population.  This large block of LD characterized by two 
haplotypes could be a large source of variation for both age at puberty and the number of 
completed parities over the lifetime of the sow.  The sources of variation discovered here 
may be used in the development of selection protocols for sow reproductive longevity 
that incorporate marker data with traditional selection criteria.  This would increase the 
accuracy of selection and decrease the need for collection of labor intensive phenotypes 
such as age at puberty.  The incorporation of identified markers into a breeding program 
can potentially be used to predict age at puberty and to improve sow productivity and 
longevity.   
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TABLES 
 
Table 1. Posterior means of variance components of sow reproductive traits based on 
SNP effects estimated by a GWAS. 
Trait * Parity N Genetic 
variance** 
Residual 
variance 
Total 
variance 
Proportion of phenotypic 
variance explained by SNPs  
AP  841 103.46 242.75 346.23 0.30 
LP  563 4.17 301.99 306.16 0.01 
LNBA  560 6.78 263.04 269.82 0.03 
SP  757 0.22 1 1.22 0.18 
TNB 1 636 0.36 8.51 8.88 0.04 
TNB 2 386 0.47 11.73 12.21 0.04 
TNB 3 325 0.88 11.22 12.1 0.07 
TNB 4 208 0.62 11.03 11.65 0.05 
NBA 1 636 0.39 8.58 8.97 0.04 
NBA 2 386 0.52 11.48 12 0.04 
NBA 3 325 1.02 10.40 11.42 0.09 
NBA 4 208 0.40 10.31 10.71 0.04 
SB 1 636 0.0602 1 1.06 0.06 
SB 2 386 0.31 1 1.31 0.24 
SB 3 325 0.4 1 1.4 0.29 
SB 4 208 158 1 159 0.99 
* AP – age at puberty; LP – Lifetime total number born; LNBA – Lifetime number born alive; SP – 
successful parities as a categorical trait with five categories 0-4; TNB -Total number born; NBA-Number 
born alive; SB – Number of stillborn. ** Genetic variance of SNP effects 
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Table 2: Identified regions for windows of 5 SNPs and AP. 
 
Chromosome 5’ (bp) 3’ (bp) # SNPs In Top 
0.05% 
# SNPs In Top 
0.5% 
1 87 593 297 88 335 641 5 2 
1 268 916 683 269 869 013 0 16 
2 60 194 196 60 940 442 0 7 
3 14 564 553 14 755 803 5 0 
4 6 254 956 6 352 873 5 0 
5 27 213 895 27 819 353 5 4 
6 84 669 215 85 564 438 1 9 
6 110 819 004 111 074 002 3 8 
8 29 950 460 30 790 418 0 12 
9 118 554 202 119 226 038 0 10 
12 489 006 1 464 808 6 8 
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Table 3: Number of regions and located chromosomes from 5 SNP windows. 
 
Trait Parity Number of regions Chromosome 
AP 
LP 
LNBA 
SP 
 11 
10 
13 
9 
1, 2, 3, 4, 5, 6, 8, 9, 12 
1, 3, 4, 7, 12, 14 
1, 3, 4, 7, 9, 10, 12, 14 
3, 4, 8, 12, 15, 16, 18 
TNB 1 16 1, 2, 3, 4, 5, 7, 10, 12, 13, 16, 19 
TNB 2 12 1, 3, 4, 5, 6, 11, 17 
TNB 3 9 1, 2, 4, 6, 9, 12, 13 
TNB 4 11 1, 3, 7, 9, 10, 14 
NBA 1 10 1, 3, 4, 9, 14, 16 
NBA 2 11 1, 3, 4, 6, 12, 17 
NBA 3 10 1, 4, 6, 10, 13, 18 
NBA 4 11 1, 2, 7, 9, 10, 14, 18 
SB 1 9 1, 3, 13, 14 
SB 2 9 2, 3, 4, 11, 12, 14, 18, 19 
SB 3 9 1, 3, 4, 13, 14 
SB 4 8 1, 3, 7, 9, 14, 15 
* AP – age at puberty; LP – Lifetime total number born; LNBA – Lifetime number born alive; SP – 
successful parities as a categorical trait with five categories 0-4; TNB -Total number born; NBA-Number 
born alive; SB – Number of stillborn. 
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Table 4: Identified regions for windows of 5 SNPs and LP. 
 
Chromosome 5’ (bp) 3’ (bp) # SNPs In Top 
0.05% 
# SNPs In Top 
0.5% 
1 95 578 707 95 891 911 3 3 
1 239 090 941 239 824 409 1 5 
1 240 715 743 241 086 751 1 5 
1 290 321 673 290 564 044 2 4 
3 8 290 640 9 253 913 7 10 
4 101 621 769 102 551 303 0 11 
7 15 109 988 15 882 729 7 12 
7 91 285 064 92 142 065 1 7 
12 196 913 1 097 695 2 9 
14 106 018 020 106 936 373 6 14 
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Table 5: Identified regions for windows of 5 SNPs and LNBA. 
 
Chromosome 5’ (bp) 3’ (bp) # SNPs In Top 
0.05% 
# SNPs In Top 
0.5% 
1 90 142 658 91 139 469 0 10 
1 91 211 626 92 096 882 3 7 
1 95 578 707 96 326 059 2 11 
1 239 090 941 240 004 573 1 13 
1 290 282 726 290 564 044 4 4 
3 8 595 568 8 842 128 1 7 
4 102 083 272 102 780 096 0 16 
7 15 109 988 15 882 729 9 9 
7 91 085 989 92 063 448 1 9 
9 30 611 811 30 728 324 2 5 
10 52 014 822 52 834 615 2 8 
12 100 856 1 097 695 2 12 
14 106 018 020 106 936 373 3 17 
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Table 6: Identified regions for windows of 5 SNPs and SP. 
 
Chromosome 5’ (bp) 3’ (bp) # SNPs In Top 
0.05% 
# SNPs In Top 
0.5% 
3 5 065 581 5 197 530 5 1 
3 10 482 399 11 152 574 0 10 
4 107 671 421 107 757 662 5 0 
8 5 183 140 6 279 237 0 10 
12 31 007 198 31 077 658 5 0 
15 10 268 902 10 644 004 0 10 
15 42 634 866 42 767 631 5 0 
16 35 634 603 36 329 880 5 4 
18 52 463 648 53 463 096 5 6 
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Table 7. Correlation between genomic prediction and phenotypic values of sow 
reproductive traits when training and prediction were performed in the same dataset. 
 
Trait* Parity N Variance of the 
predicted genomic merit 
Correlation R2 
AP 
LP 
LNBA 
SP 
 841 
563 
560 
757 
43.47 
0.12 
0.35 
7.03 
0.79 
0.67 
0.68 
0.91 
0.62 
0.45 
0.46 
0.83 
TNB 1 636 0.04 0.59 0.35 
TNB 2 386 0.03 0.69 0.48 
TNB 3 325 0.12 0.71 0.50 
TNB 4 208 0.06 0.81 0.66 
NBA 1 636 0.04 0.60 0.36 
NBA 2 386 0.04 0.70 0.49 
NBA 3 325 0.14 0.76 0.58 
NBA 4 208 0.02 0.78 0.61 
SB 1 636 0.002 0.58 0.34 
SB 2 386 0.07 0.77 0.59 
SB 3 325 0.09 0.81 0.66 
SB 4 208 63.91 0.92 0.85 
* AP – age at puberty; LP – Lifetime total number born; LNBA – Lifetime number born alive; SP – 
successful parities as a categorical trait with five categories 0-4; TNB -Total number born; NBA-Number 
born alive; SB – Number of stillborn.
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 Table 8. Correlations between genomic prediction values of reproductive traits and AP. 
 
Trait* Parity N Correlation P 
LP  563 -0.29 P<0.0001 
LNBA  560 -0.32 P<0.0001 
SP  757 -0.29 P<0.0001 
TNB 1 636 -0.15 P<0.0001 
TNB 2 386 -0.32 P<0.0001 
TNB 3 325 -0.27 P<0.0001 
TNB 4 208 -0.22 P=0.0017 
NBA 1 636 -0.17 P<0.0001 
NBA 2 386 -0.31 P<0.0001 
NBA 3 325 -0.26 P<0.0001 
NBA 4 208 -0.16 P=0.0215 
SB 1 636 -0.04 P=0.3444 
SB 2 386 0.02 P=0.6820 
SB 3 325 -0.13 P=0.0213 
SB 4 208 -0.10 P=0.1709 
* AP – age at puberty; LP – Lifetime total number born; LNBA – Lifetime number born alive; SP – 
successful parities as a categorical trait with five categories 0-4; TNB -Total number born; NBA-Number 
born alive; SB – Number of stillborn. 
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 Table 9. Correlation between genomic prediction values of litter traits by parity. 
 
Traits* Parity N Correlation P 
TNB, NBA 1 636 0.88 P<0.0001 
TNB, NBA 2 386 0.90 P<0.0001 
TNB, NBA 3 325 0.95 P<0.0001 
TNB, NBA 4 208 0.92 P<0.0001 
TNB, SB 1 636 0.16 P<0.0001 
TNB, SB 2 386 0.26 P<0.0001 
TNB, SB 3 325 0.31 P<0.0001 
TNB, SB 4 208 0.27 P<0.0001 
NBA, SB 1 636 -0.25 P<0.0001 
NBA, SB 2 386 -0.10 P=0.0608 
NBA, SB 3 325 0.04 P=0.4356 
NBA, SB 4 208 0.04 P=0.5593 
* AP – age at puberty; LP – Lifetime total number born; LNBA – Lifetime number born alive; SP – 
successful parities as a categorical trait with five categories 0-4; TNB -Total number born; NBA-Number 
born alive; SB – Number of stillborn. 
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 Table 10. Correlation between genomic prediction values of litter traits across parities. 
 
Traits* N Correlation P 
TNBP1, TNBP2 386 0.41 P<0.0001 
TNBP1, TNBP3 325 0.48 P<0.0001 
TNBP1, TNBP4 208 0.34 P<0.0001 
TNBP2, TNBP3 325 0.56 P<0.0001 
TNBP2, TNBP4 208 0.24 P=0.0006 
TNBP3, TNBP4 208 0.42 P<0.0001 
NBAP1, NBAP2 386 0.44 P<0.0001 
NBAP1, NBAP3 325 0.48 P<0.0001 
NBAP1, NBAP4 208 0.42 P<0.0001 
NBAP2, NBAP3 325 0.53 P<0.0001 
NBAP2, NBAP4 208 0.26 P=0.0002 
NBAP3, NBAP4 208 0.35 P<0.0001 
* AP – age at puberty; LP – Lifetime total number born; LNBA – Lifetime number born alive; SP – 
successful parities as a categorical trait with five categories 0-4; TNB -Total number born; NBA-Number 
born alive; SB – Number of stillborn. 
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FIGURES 
 
Figure 1:  Genome-wide association analysis between 52931 windows of 5 SNPs and age 
at puberty for 841 gilts. Each dot represents the proportion of genetic variance explained 
by 5 consecutive SNPs. The X axis represents the location of the SNPs in the swine 
genome. The Y axis represents the contribution of that marker to the genetic variance. 
Alternate colors represent autosomes, from SSC1 to 18, followed by chromosome X and 
by a group of SNPs (represented in grey) without a precise location. Grey boxes indicate 
candidate regions. 
 
 
 
 
Figure 2:  Genome-wide association analysis between windows of 5 SNPs and LP. 
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Figure 3:  Regression of genomic prediction values for LP on genomic prediction values 
for AP. 
Figure 3:  Regression of genomic prediction values for LP on genomic prediction values for AP 
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APPENDIX 
Appendix I. Genome-wide association analysis between windows of 5 SNPs and litter 
traits. 
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TNB Parity 4 
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NBA Parity 3 
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